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Abstract 
On removal from the animal, molluscan hemocytes change from an aggregation-incompetent state to one in which they aggregate and 
stick avidly to foreign surfaces. Aggregation and substratum adhesion behaviors of Mytilus californianus (California mussel) hemocytes 
are inhibited reversibly and non-lethally by caffeine. We investigated the mechanistic basis of this inhibition by means of assays that 
determined the abilities of several compounds to compete or synergize with caffeine in achieving its effect. Adenosine and the adenosine 
receptor agonists 2-chloro-adenosine or 5'-N-ethylcarboxamido-adenosine rev rsed caffeine inhibition. In contrast, isobutyl-methyl- 
xanthine (both an adenosine receptor antagonist and an inhibitor of phosphodiesterase) and the adenosine receptor antagonists 
cyclo-hexyladenosine and R-N6-phenyl-isopropyladenosine ynergized with caffeine to inhibit hemocyte adhesion. Caffeine treatment 
reduced intracellular cAMP. Alterations in cAMP concentrations in response to caffeine with or without adenosine and adenosine 
analogues reflected alterations in adhesion behavior in the same drugs. R-N6-phenyl-isopropyladenosine plus caffeine yielded intracellular 
cAMP levels lower than those in cells treated with caffeine alone. However, both cAMP level and hemocyte adhesion increased when 
adenosine or 5'-N-ethylcarboxamido-adenosine replaced R-N6-phenyl-isopropyladenosine. This mollusc's hemocytes appear to express 
adenosine receptors that modulate phagocyte behavioral responses by altering second messenger t ansduction. 
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1. Introduction 
Adhesion to the substratum and acquisition of a flat- 
tened (spread out) shape occur rapidly when molluscan 
hemocytes contact foreign surfaces. These cells also dis- 
play cell-cell aggregation behaviors upon removal from 
the animal, and in the vicinity of wounds [1]. Caffeine is 
the best known inhibitor of these cell behaviors: at 25 mM 
both are completely inhibited in vitro, while viability is not 
affected [2]. Caffeine also prevents aggregation of the 
leukocytes of several other invertebrates [3,4], and of slime 
mold amoebae [5]. The mechanism by which caffeine 
inhibits cell aggregation and adhesion is not clear. Two 
known but opposite ffects of caffeine are associated with 
changes in the intracellular levels of cyclic-5'-adenosine 
monophosphate (cAMP). First, caffeine is an adenosine 
analogue [6]. As an adenosine receptor antagonist, caffeine 
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can lower intracellular cAMP levels by inactivation of 
adenylate cyclase-mediated conversion of ATP to cAMP. 
Second, caffeine is a phosphodiesterase inhibitor [7], 
blocking cAMP conversion to AMP. Therefore, this drug 
can also increase intracellular levels of cAMP. In verte- 
brates, adenosine receptors are integral membrane proteins 
which are coupled with adenylate cyclase ([6,8], reviewed 
in [9]). However, there are no reports of an adenosine 
receptor in invertebrates [10]. In the slime mold Dic- 
tyostelium, caffeine is a rapid and reversible inhibitor, but 
it affects adenylate cyclase activity via a cAMP-dependent 
activation system that is independent of both cAMP recep- 
tors and adenosine receptors [5]. 
We have reported [2,11 ] that adherent (flattened) hemo- 
cytes of the California mussel, Mytilus californianus, round 
up immediately, and cohesive aggregates become loose 
when they are treated with 25 mM caffeine. Meanwhile, 
effects on both forms of hemocyte behavior are reversible: 
when caffeine was removed and replaced with a physio- 
logical saline, both cell aggregation and adhesion began 
immediately. This suggested that caffeine might be acting 
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on the cell surface. Also, hemocytes held in 10 mM 
caffeine recovered adhesion competence over a few min- 
utes, As caffeine is a stable chemical, its concentration is 
unlikely to decrease significantly in this time frame. There- 
fore, this loss of inhibitory effect of 10 mM caffeine may 
be due to a decrease in hemocyte sensitivity. This might 
occur as caffeine binds to cell surface receptors, and the 
ligand-receptor complexes are transported into the cell; 
unless rapidly replaced, the,, loss of binding sites on the cell 
surface would decrease the cellular sensitivity to caffeine. 
Such a putative regulatory mechanism resembles the 
down-regulation of other specific receptors [12]. These 
observations suggested that the reaction site of caffeine on 
mussel hemocytes i likely to be located at the cell surface, 
not in the cytoplasm. 
Adenosine, which is an essential metabolite, can affect 
a variety of physiological functions in vertebrates ([6], 
reviewed in [9]). As a modulator of adenylate cyclase, 
adenosine binds to either external receptors or an internal 
inhibitory binding site (P-site). When adenosine binds to a 
P-site, which is near the catalytic subunit of adenylate 
cyclase, activity of this enzyme is inhibited [8]. Two 
subclasses of cell surface receptors for adenosine have 
been identified: A 1 receptors inhibit adenylate cyclase 
generation of cAMP, whereas A 2 receptors elicit the oppo- 
site response [6]. In addition to this functional difference, 
these two receptors are distinguished by distinct affinities 
for various adenosine analogues. N6-substituted adenosine 
analogues bind A1 receptors with higher affinity than A 2 
receptors. For example, R-N6-phenyl-isopropyladenosine 
(R-PIA) and cyclo-hexyladenosine (CHA) have higher 
binding affinities for A 1 receptors than do 2-chloroadeno- 
sine (2-CLAD), and 5'-N-ethylcarboxy-amidoadenosine 
(NECA). On the other hand 2-CLAD and NECA have 
higher binding affinities for A 2 receptors than do R-PIA 
and CHA. Neither 2-CLAD, NECA, R-PIA, nor CHA bind 
the P-site. Di-deoxyladenosine (DDA) cannot bind A m or 
A 2 receptors, but does specifically bind the P-site. 
To understand whether or not caffeine regulates hemo- 
cyte behaviors via adenosine receptors, we have used 
adenosine and several of its analogues (adenosine receptor 
agonists or antagonists) together with caffeine to reveal 
potentiation or suppression of the caffeine effect. We also 
determined the effects of caffeine on intracellular concen- 
trations of cAMP. 
2. Materials and methods 
2.1. Chemicals and physiological-buffered saline 
Adenosine analogues (2-chloroadenosine, 2-CLAD; 5'- 
N-ethylcarbox-amidoadenosine, NECA; R-N6-phenyl-iso - 
propyladenosine, R-PIA) were kindly provided by Dr. T.F. 
Murray, Pharmacy, Oregon State University. Isobutyl- 
methyl-xanthine (IBMX). cyclo-hexyladenosine (CHA), 
di-deoxyladenosine (DDA) and all other chemicals were 
purchased from Sigma. Physiological conditions for hemo- 
cytes were provided with a calcium-and magnesium-con- 
taining, Tris-buffered saline (CMTBS) (pH 7.4), contain- 
ing 10 mM CaC12, 60 mM MgCI 2, 50 mM Tris-HCl, and 
NaC1 added to 960 mOsm [2,11]. 
2.2. Animals 
Individual Mytilus californianus larger than 8 cm in 
length were collected monthly from the rocky intertidal 
zone at Seal Rock State Park (15 miles south of Newport, 
Oregon, USA). On the same day, they were transferred to 
a filtered, recirculating, continuously aerated sea water 
system which was maintained at pH 7.6, nitrate < 10 ppm, 
nitrite < 0.2 ppm, 15°C, and close to normal salinity (960 
mOsm). Mussels were held in this system for at least 3 
days before being used as a source of hemolymph. 
2.3. Hemolymph collection 
A plastic rod (3 mm diameter) was inserted between the 
two shell valves to prevent the mussels closing completely, 
and sea water was drained from the mantle cavity. Animals 
were then transferred to a cold room (4°C). Hemolymph 
(< 1.5 ml) was collected from the posterior adductor 
muscle using a pre-cooled sterile syringe with 18G 11/2" 
needle. With the needle removed, the colorless (slightly 
opalescent) hemolymph, containing 10 6 to 107 cells/mL, 
was immediately transferred to pre-cooled sterile tissue 
culture tubes (Falcon) for further treatment. Hemolymph 
was collected from each animal once only. 
2.4. Measurement ofhemocyte adhesion to plastic 
Mixtures of caffeine and adenosine or adenosine ana- 
logues were prepared just before hemolymph was har- 
vested, and brought o 4°C. The volume ratio of caffeine to 
adenosine or adenosine analogue, and to hemolymph, was 
1:1:2. The final concentration of caffeine was 10 mM or 5 
mM. The final concentrations of adenosine or adenosine 
analogues differed, since their solubilities in CMTBS vary. 
Caffeine + cholera toxin or caffeine + di-butyryl cAMP 
solutions were also prepared fresh. Each bleed yielded 
sufficient hemolymph (up to 1.5 ml) to permit he simulta- 
neous evaluation of the effects of several drugs. Each drug 
was separately evaluated using a minimum of three sepa- 
rate bleeds. No animal was bled more than once. After 
hemolymph had been mixed with test solutions, each 
mixture was loaded in triplicate (50 /xl/well, or 25 000 to 
250 000 cells/well) into three wells of a pre-cooled (4°C), 
flat-bottom 96-well tissue culture plate (Coming, New 
York). After incubation for 15 min at room temperature 
(20 -1- I°C), the plasma and unattached cells were removed 
by aspiration and each well was washed three times with 
CMTBS (100 ~l/well). Each time, any non-adherent cells 
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Fig. 1. The influence of caffeine on adhesion of Mytilus californianus 
hemocytes to a plastic substratum. Values are percents (_+S.D.) of the 
value obtained at 20 rain in CMTBS. Hemocyte adhesion in 10 mM 
caffeine was incompletely inhibited, whereas hemocyte adhesion was 
completely inhibited in 25 mM caffeine. The percentage of cell adhesion 
in 10 mM caffeine was increased after 10 min incubation (P  < 0.05). 
CMTBS = calcium and magnesium-containing Tris-buffered saline. Caf- 
feine was dissolved in the same buffer. 
were gently resuspended just before the fluid was aspi- 
rated. As a measure of the numbers of cells remaining in 
the wells, protein concentrations were determined by means 
of the BCA protein assay (Pierce). The protocol for the 
protein assay and the relative extent of cell adhesion in 
different reagents have been described [2]. 
2.5. Luminescence measurement for intracellular cAMP 
Hemolymph (1 ml) was mixed with CMTBS (with or 
without drugs), then centrifuged at 20 × g, either immedi- 
ately or after 15 min at room temperature, for 3 min at 4°C 
to pellet hemocytes which were then immediately frozen in 
liquid nitrogen. Extractions of the cAMP were performed 
in 200 /zl hypotonic buffer solution (1/10 CMTBS) by 
sonication at power level 5, tune level 5, for 5 seconds 
(Contes, Vineland, N.J.). 
Extracted cAMP was quantified using luciferase lumi- 
nescence [13]. The method measures ATP-dependent light 
production by firefly luciferase [14] after cAMP in the 
sample has been converted to adenosine 5'-triphosphate 
(ATP). The rate of ATP-dependent photon production was 
measured by a iuminometer (1250 LKB-Wallac). To 100 
/zl of each sample, 5 /zl of phosphodiesterase (Boehringer 
Mannheim, Germany; 0.25 U /mg protein/ml) was added. 
The mixture was incubated at RT for 5 min, and then at 
100°C for 1 minute to inactivate any ATP-consuming 
contaminants. After being cooled in an ice bath, each 
sample received 100 /.LI of 10 -7 M ATP, and 100 /zl 
Breckenridge cycle reagent. This reagent is 50 mM glycyl- 
glycine buffer (pH 7.4), which contains 6 mM MgSO 4, 
100 mM KCI, 0.1 mM phosphoenolpyruvate, 0.5 mg/ml  
pyruvate kinase, 0.01 mg/ml  myokinase. After 7 min 
incubation at RT, the samples were boiled for 3 rain. Each 
ice-cooled sample (100 /zl) was added to 100 /~1 ATP 
assay kit solution (Sigma). The rate of luminescence gen- 
eration was measured by the luminometer for 10 s. Data 
were recorded every second. Concentrations of cAMP 
were read from an ATP standard curve which was ob- 
tained each day before the cAMP assay. 
2.6. Data analysis 
Each experiment was repeated at least three times, 
using fresh hemolymph samples from different animals. 
Statistical analyses of data were done using paired or 
unpaired Student's t-tests as appropriate. Data are pre- 
sented as mean + S.D. Differences were considered signif- 
icant when P < 0.05. 
3. Results 
3.1. Dose dependence of caffeine inhibition of hemocyte 
adhesion 
Caffeine at 25 mM markedly reduced the adhesion 
competence of mussel hemocytes. However, hemocytes 
retained some adhesion ability in the presence of 10 mM 
caffeine (Fig. 1). 
3.2. The effects of adenosine and its analogues on caffeine 
inhibition of hemocyte adhesion 
At 20 mM, adenosine did not inhibit hemocyte adhe- 
sion, but slightly promoted it. Only 20% of the hemocytes 
adhered after the hemolymph was treated with 10 mM 
caffeine. However, when the two drugs were given to- 
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Fig. 2. The influence of adenosine and/or  caffeine on Mytilus californi- 
anus hemocyte adhesion. Adenosine (20 mM) significantly overcame the 
inhibitory effect of 10 mM caffeine (P  < 0.05). 
J.-H. Chen, C.J. Bayne / Biochimica et Biophysica Acta 1268 (1995) 178-184 181 
120 
t j  
'S 
o 
1 O0 
80 
60 
40 
20 
(a) 
0 
Caf fe ine  10ram 10rnM 10mM 
CHA - 0 .2mM 2mM 0.2ram 2rnM 
120 
(b) 
,~  100  
~ 80 
.~ 40 
~" 2o 
o 
o 
Caffeine lOmM 10mM 10mM - 
R-PIA - 0.1ram 1ram 0. lrnM tmM 
Fig. 3. (A) The influence of CHA and/or caffeine on Mytilus californianus hemocyte adhesion. Hemocyte adhesion did not change in either 0.2 mM or 2 
mM CHA. The mixture of 10 ream caffeine +0.2 mM CHA slightly decreased hemocyte adhesion, but this was not statistically significant. Hemocyte 
adhesion was significantly decreased in 10 mM caffeine +2 mM CHA (P < 0.05). Fig. 3. (B) The influence of R-PIA and/or caffeine on Mytilus 
californianus hemocyte adhesion Hemocyte adhesion did not change in either 0.1 mM or 1 mM R-PIA. When 1 mM R-PIA was added to 10 mM caffeine, 
inhibition of adhesion was enhanced (P < 0.05). The slight decrease of adhesion when 0.1 mM R-PIA was added to 10 mM caffeine was not significant. 
gether (20 mM adenosine and l0 mM caffeine) hemocyte 
adhesion was significantly enhanced up to 80% of the 
control (no drug) level (Fig. 2). In another experiment, 
relative to values obtained in 10 mM caffeine (28 +_ 12%), 
hemocyte adhesion was sliightly more in 20 mM inosine + 
10 mM caffeine (37 +_ 1(3%). However, the ability of 20 
mM inosine to overcome inhibition by caffeine was less 
than that of 20 mM adenosine (60 _+ 16%). Inosine alone 
at 20 mM yielded hemocyte adhesion values 106 ___ 3% of 
control values. 
The effect of IBMX was opposite to that of adenosine. 
It did not inhibit hemocyte adhesion at 0.2 mM (103 +_ 9% 
of control values), but at 2 mM adhesion values were 
reduced to 85 +_ 8% of controls. However, when 2 mM 
IBMX was combined with 5 mM caffeine, the effects were 
synergistic; the percentage of cell adhesion decreased to 
120 
m 
I O0 
~J 
"~ 80 
o 
60 
e. 
,~ 4o 
~ 2o 
o 
Caffeine 
2-CLAD 
(a) 
10ram 10m• t0mM 
120 
m lOO 
t~ 
~ 8o 
N 60 
~ 40 
o 
2mM 20mM 2mM 20mM NECk, 
(b) 
0 
Caf fe ine  10mM 10ram 10mM - - 
- lmM 5mM lmM 5mM 
Fig. 4. (A) The influence of 2-CLAD and/or caffeine on Mytilus californianus hemocyte adhesion. Neither 2 mM nor 20 mM 2-CLAD affected hemocyte 
adhesion. Hemocyte adhesion ir 2 mM 2-CLAD + 10 mM caffeine was stronger than in 10 mM caffeine alone (paired t-test, P < 0.05). Sixty percent of 
hemocytes retained their adherent capacity in 10 mM caffeine +20 mM 2-CLAD, the value being significantly higher than that in l0 mM caffeine 
(P < 0.05). Fig. 4. (B) The influence of NECA and/or caffeine on Mytilus californianus hemocyte adhesion. Hemocyte adhesion was not affected in 1 
mM or 5 mM NECA alone. In comparison with hemocyte adhesion in 10 mM caffeine, significantly more cells adhered in 10 mM caffeine +5 mM 
NECA (P < 0.05). Hemocyte adhesion in 10 mM caffeine was not enhanced by 1 mM NECA. 
182 Z-H. Chen, C.J. Bayne / Biochimica et Biophysica Acta 1268 (1995) 178-184 
19 __+ 5% of controls. At 5 mM, caffeine alone yielded an 
adhesion value of 82_  22% of controls. This caffeine 
concentration plus 0.2 mM IBMX yielded 80 +__ 15% adhe- 
sion. DDA did not affect hemocyte adhesion. Values were 
32 + 7% in 10 mM caffeine, 43 + 1% when 0.I mM DDA 
was added to this level of caffeine, 42 ___ 2% when there 
was 1 mM DDA in 10 mM caffeine, 89 4- 6% in 0.1 mM 
DDA alone, and 101 + 9% in 1 mM DDA. 
Neither CHA (0.2 and 2 mM) nor R-PIA (0.1 and 1 
mM) when used alone changed mussel hemocyte adhesion 
capacity. But both these drugs (2 mM CHA and 1 mM 
R-PIA) significantly enhanced the inhibitory effect of caf- 
feine (10 raM) on hemocyte adhesion (Fig. 3A,B). 
3.3. Reversal of caffeine inhibition of hemocyte adhesion 
Table 2 
Concentrations of intracellular cAMP in Mytilus californianus hemocytes 
exposed to caffeine with or without adenosine analogues 
Treatment b cAMP Concentrations a 
Exp. 1 Exp. 2 Exp. 3 
10 mM caffeine 3.85/xM 6.5/zM 2.45 /zM 
10 mM caffeine/20 mM adenosine 9.0 ~M - 3.15 tzM 
10 mM caffeine/1 mM R-PIA 1.9/zM 2.5/xM - 
l0 mM caffeine/5 mM NECA 6.1 /zM 6.8 /zM - 
CMTBS - 8.0 tzM 5.9/zM 
a Because the original cell number varies between each hemolymph 
collection, the data presented here cannot be pooled. 
b After being mixed with CMTBS or appropriate reagents, the treated 
hemolymph was incubated at RT for 15 min. The hemocytes were then 
spun down at 20 g for 3 min. The cell pellet was placed immediately into 
liquid nitrogen. 
The inhibitory effect of caffeine was reversible. When 
2-CLAD (20 mM) was added to 10 mM caffeine, hemo- 
cyte adhesion increased from 20% to more than 60% of 
controls (Fig. 4A). Similarly, adhesion increased in 10 mM 
caffeine + 5 mM NECA to twice that in 10 mM caffeine. 
Even at 1 mM, NECA slightly increased adhesion, but not 
significantly (Fig. 4B). Neither 2-CLAD nor NECA alone 
changed hemocyte adhesion. 
3.4. Intracellular concentrations of cAMP in hemocytes 
treated with caffeine and/or adenosine analogues 
Concentrations of cAMP in hemocytes held in CMTBS 
for 4 rain (1 min for hemolymph collection and mixing 
with CMTBS, and 3 min for cell centrifugation) or for 19 
min (the additional 15 min were for hemocyte incubation) 
were not different (Table 1). When hemocytes were treated 
with 25 mM caffeine, their cAMP level was 50-65% of 
Table 1 
Concentrations of intracellular cAMP in Mytilus californianus hemocytes 
following exposure to CMTBS or caffeine 
cAMP Concentrations a 
Treatment Exp. 1 Exp. 2 Exp. 3 
1. CMTBS (1 +3) 5.8 /xM - 2.5/xM 
2. CMTBS (1 + 15 +3) 5.6 /xM 6.5/.tM 2.25/xM 
3.25 mM caffeine 3.65 /xM 3.1 /xM 1.65/zM 
4. CMTBS-caffeine 3.55 tzM - 1.5/xM 
Treatment 1: the 1 + 3 means that the cells were frozen in liquid nitrogen 
within 4 min of removal from the mussel. The process of hemolymph 
collection and aliquoting was completed in less than 1 min at 4°C. Then 
the cells were spun down at 20 g for 3 min. 
Treatment 2: after being mixed with CMTBS, the hemolymph samples 
were incubated at RT for 15 min. 
Treatment 3: hemocytes were incubated at RT for 15 min in 25 mM 
caffeine. 
Treatment 4: cells were treated with CMTBS for 15 min, and then 
exposed to 25 mM caffeine for I min. 
a Because the original cell number varies between each hemolymph 
collection, the data presented here cannot be pooled. 
that in CMTBS. When the cells were first treated with 
CMTBS for 15 min and then exposed to 25 mM caffeine 
for 1 min, the cAMP concentration was the same as that 
seen after 15 min in 25 mM caffeine (Table 1). Hemocytes 
treated with 20 mM adenosine + 10 mM caffeine or 5 mM 
NECA + 10 mM caffeine had higher cAMP levels than 
those treated with 10 mM caffeine alone. However, cAMP 
levels of samples treated with 1 mM R-PIA + 10 mM 
caffeine were lower than samples treated with 10 mM 
caffeine alone (Table 2). 
4. Discussion 
As is well known [8], the binding of ligand with the 
adenosine A~ receptor esults in inhibition of the associ- 
ated adenylate cyclase. A 2 receptor binding, on the other 
hand, activates adenylate cyclase. In the Mytilus californi- 
anus hemocyte system studied here, adenosine receptor 
agonists including adenosine, 2-CLAD and NECA, which 
have high affinity for A 2 receptors [6], overcame the 
inhibitory effect of caffeine. However, CHA and R-PIA, 
which are high rank order agonists of A t receptors, and 
IBMX enhanced caffeine inhibitory activity. These results 
imply that adenosine or adenosine-like r ceptors occur on 
mussel hemocytes. Although adenosine receptors have been 
found to be widespread among the classes of chordates 
[6,10,15], no adenosine receptor had been previously iden- 
tified on invertebrate c lls. Adenosine, AMP, ADP or ATP 
at 0.5 mM failed to inhibit sea cucumber coelomocyte 
aggregation [16]. 
A slight inhibition seen with DDA (with or without 
caffeine) was not statistically significant, so we suggest 
that hemocyte activation is not regulated by a 'P-site' 
receptor. The other adenosine analogues used here (except 
adenosine and DDA) do not affect 'P-site' receptors [6,8]. 
GTP-binding proteins (G proteins) are a group of inte- 
gral membrane proteins with functional domains on the 
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cytoplasmic face. When these proteins bind with guanosine 
triphosphate (GTP), the activation of the G protein can 
cause adenylate cyclase to initiate the cAMP signal trans- 
duction pathway. Cholera toxin, a protein isolated from the 
bacterium, Vibrio cholente, binds to the a subunit of G 
protein causing continuous adenylate cyclase activation, 
thus increasing intracellular cAMP levels [17,18]. This 
toxin in the presence or ztbsence of caffeine did not affect 
hemocyte adhesion (data not shown). Since it is known 
that catecholamines, prostaglandin E 2, histamine, or ACTH 
can affect adenylate cyclase activity [19,20], their abilities 
to change hemocyte behavior were examined in the pres- 
ence or absence of caffeine. Assays were run using freshly 
prepared solutions at 25°C for 15 min. No effects were 
seen (data not shown). The hemocytes treated with cAMP, 
and di-butyryl cAMP behaved normally, and these two 
drugs did not overcome the inhibitory effect of caffeine 
(data not shown). Since there is no evidence that mussel 
hemocyte adhesion or aggregation is affected by cholera 
toxin, cAMP, histamine, PGE 2 or the hormones, it seems 
unlikely that G proteins, cAMP receptors, or receptors for 
histamine, PGE 2 or the tested hormones are involved in 
hemocyte activation. 
In some systems, caffeine, acting as an adenosine recep- 
tor antagonist, increases intracellular cAMP levels by in- 
hibiting phosphodiesterase [7]. The function of cAMP- 
specific phosphodiestera,;e is to catalyze cAMP to AMP, 
and by this means the intracellular cAMP concentration is 
normally maintained at a very low level. Our observations 
of the intracellular levels of cAMP in adherent and non-ad- 
herent (caffeine-treated) hemocytes imply that caffeine 
affects hemocyte adhesion via an adenosine-like receptor 
that inhibits adenylate cyclase production of cAMP. Since 
truly naive mussel hemo,zytes could not really be obtained 
in vitro, the baseline cAMP level in resting cells could not 
be measured. Since cAMP levels in cells held in 25 mM 
caffeine treatment for 15 rain or in CMTBS + caffeine 
were closely similar, and since cell morphology resembled 
the un-activated condition [2], the cAMP level in 25 mM 
caffeine treatment is our best indication of values in naive 
cells. However, it could also be that the cAMP level of 
hemocytes in CMTBS reached a plateau in 4 min and 
remained here for at least 18 rain. Rapid changes in 
concentrations of cAMP during cell activation have been 
reported (reviewed in Ref. [21]). The cGMP level in 
Dictyostelium reaches its peak within 10 s after activation. 
Due to the difficulty of obtaining resting mussel hemo- 
cytes for determination of cAMP levels, altemative ap- 
proaches are needed to assess how fast the hemocyte 
cAMP level can change. As seen in Table 2, R-PIA 
synergized with suboptimal concentrations of caffeine to 
inhibit hemocyte adhesion. It also lowered the levels of 
cAMP in hemocytes when it was present with caffeine. 
Although the increases with adenosine or NECA treat- 
ments varied between different experiments, they occurred 
consistently. The variation may have reflected the physio- 
logical conditions of the individual mussels, or the extent 
to which the hemolymph samples were obtained cleanly. 
Based on these results, it appears that the inhibitory 
effect of caffeine on hemocyte adhesion is mediated via 
adenosine-like receptors, and that these receptors cause 
adenylate cyclase to alter the level of intracellular cAMP. 
Since caffeine is an antagonist of A 1 and A 2 receptors and 
has similar affinity constants for both [6], the mechanism 
by which caffeine inhibits hemocyte activation may de- 
pend on occupation of all the adenosine receptors on the 
cell surface. In such a case neither stimulation or inhibi- 
tion of adenylate cyclase would occur. Such cells would be 
maintained in a state close to the naive state. At 10 mM, 
caffeine keeps the hemocytes in a state of incipient activa- 
tion. When adenosine or its analogues were added with 10 
mM caffeine, the transient balance of their incipient state 
was interrupted. Adenosine, 2-CLAD, and NECA, which 
stimulate adenylate cyclase activity via A 2 receptors, acti- 
vated the cells by increasing intracellular cAMP levels. In 
contrast, the inhibitory effects of CHA and R-PIA which 
act on A 1 receptors would be due to decreased cAMP 
levels inside the treated cells. Although the putative adeno- 
sine or adenosine-like r ceptor remains to be purified from 
hemocytes, our results constitute strong evidence for the 
existence and regulatory role of such a receptor in bivalve 
hemocytes. 
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